Crystallographic texture (or preferred orientation) characterization of uniaxially pressed molybdite (MoO 3 ) and calcite (CaCO 3 ) powders has been carried out using the BT-1 high-resolution ®xed-wavelength 32-detector powder diffractometer at the NIST Center for Neutron Research. Initially, each pattern was analysed assuming a random orientation of the crystallites. Subsequently, the March model and the generalized spherical harmonic description were used independently to extract the texture description directly from a re®nement with neutron diffraction data of molybdite and calcite. The results indicate that the generalized spherical harmonic description provided a better Rietveld ®t than the March model for the molybdite sample that had been subjected to the highest pressure.
Introduction
Crystallographic preferred orientation, or texture, is a non-random distribution of the crystallites in a polycrystalline material as a consequence of the preparation technique or the nature of the crystallites. A powder diffraction pattern from a specimen exhibiting preferred orientation will display intensity values that differ systematically from those of a specimen with random orientation. This phenomenon is commonly observed in X-ray powder diffraction patterns measured with a powder diffractometer, such as the popular Bragg±Brentano instrument. It is possible to extract preferred orientation information from such patterns if the pattern for a randomly oriented specimen can be modelled, or simulated, from knowledge of the crystal structure parameters and various other factors (e.g. line broadening) that in¯uence the pattern. Neutron powder diffraction may also be used to characterize the texture character of materials. The pertinent attribute of neutrons with respect to texture is the small absorption coef®cients of neutrons for most materials, compared with X-rays. Therefore, neutron texture information is gained from the bulk of the sample, whereas X-rays are emitted typically from near the surface. Texture modelling has been a part of the Rietveld re®nement technique ever since the initial description of the method by Rietveld (1969) , who used a simple Gaussian model for grain orientations in neutron diffraction samples. Dollase (1986) used a cylindrically symmetric version of an ellipsoidal model described by March (1932) to describe the pole distribution in a powder sample. Since then, the March preferred orientation correction factor as proposed by Dollase (1986) has continued to be attractive (C Ï apkova Â et al., 1993; Cerny Â et al., 1995; Valvoda et al., 1996) . To describe the texture resulting from packing effects, the March model has been extensively employed in both X-ray and neutron powder diffraction data analysis using Rietveld computer programs (e.g. DBWS, FullProf, GSAS, LHPM). 1 While the March model is an excellent descriptor of the preferred orientation for gibbsite, analysed using X-ray powder diffraction data (O'Connor et al., 1991) , the model has proved to be de®cient for Rietveld modelling of molybdite (MoO 3 ), calcite (CaCO 3 ) and kaolinite (Al 2 O 3 .2SiO 2 .2H 2 O) X-ray powder diffraction data (O'Connor et al., 1992) . Therefore, the model should not be regarded as a general-purpose pole-distribution descriptor. Subsequently, Sitepu (1998) examined the validity of the March model using X-ray and neutron powder diffraction instruments. Extensive sets of X-ray and neutron powder diffraction data were measured for uniaxially pressed powders of molybdite and calcite, the compression of which was systematically varied. It was clear from the various Rietveld re®nements that the model becomes increasingly unsatisfactory as the uniaxial pressure (and, therefore, the level of preferred orientation) increases. The model had been tested with a physical relationship developed by Sitepu (1998) that links the March r parameter to the uniaxial pressure via the powder bulk modulus, B. The agreement between the results obtained from direct measurements of B and those obtained from Rietveld re®nement is promising in terms of deducing the powder bulk modulus from the March r parameter. Moreover, an additional test of the March model was made with neutron powder diffraction data for specimens mounted, ®rst, parallel to the instrument rotation axis and, then, normal to the axis (see Fig. 1 ). The results provided some further indication that the March model is de®cient for the materials considered in the study. Furthermore, it was found that there are distinct differences between the direction of the near-surface texture in calcite, as measured by Xray powder diffraction, and the bulk texture characterized by neutron powder diffraction. The neutron-derived textures appear to be a correct description for the bulk material in uniaxially pressed powders, whereas the X-ray powder diffraction textures are heavily in¯uenced by the pressing procedure. Finally, an additional outcome of the neutron powder diffraction work was the discovery that the LHPM (Hill & Howard, 1986) Rietveld code did not allow for the inclusion of preferred orientation contributions from symmetryequivalent re¯ections (Dollase, 1986; C Ï apkova Â et al., 1993). Revision of the code showed that there was substantial bias in the Rietveld March r parameters if these re¯ections were not factored correctly into the calculations.
The generalized spherical harmonic approach (Bunge, 1982) of the orientation distribution function (which maps the probability of each of the possible grain orientations with respect to the external sample dimensions) is conceptually more dif®cult and involves a greater number of adjustable parameters for preferred orientation correction. This approach has been recommended and/or used in the Rietveld method by different authors (Ja È rvinen et al., 1970; Popa, 1992; Ja È rvinen, 1993; Ferrari & Lutterrotti, 1994; Von Dreele, 1997; Bergmann et al., 2001 ). An analogous scheme that relies on the WIMV method of the orientation distribution function, which is an iterative direct algorithm with well developed ghost corrections, has been introduced and successfully applied to a synthetic test case and a sample of calcite . In the present study, the GSAS (Larson & Von Dreele, 2000) Rietveld program was used, in which the generalized spherical harmonic is generated using selection rules depending on the crystal symmetry of the phase under investigation (Popa, 1992; Von Dreele, 1997 , and references therein). The Rietveld re®nements with the generalized spherical harmonic description for various X-ray powder diffraction and preliminary neutron diffraction data sets of molybdite and calcite gave slightly smaller goodness-of-®t indices than those determined with the March model (Sitepu et al., 2000) .
The study reported here seeks to extend the work of Sitepu (1998) on the general applicability of the March and the generalized spherical harmonic formulations for modelling preferred orientation with pressed molybdite and calcite neutron powder diffraction data, with reference to (a) the reliability of the formulations and (b) their use in correcting intensities for texture bias.
Experimental and Rietveld calculations
The starting monophase molybdite and calcite powders were analytical reagents with particle size distributions of 10.8 and 13.4 mm by volume, respectively. The materials were thought to be an excellent choice because (i) the platy crystallites of molybdite (Kihlborg, 1963) are consistent with the theoretical requirement of the March model that crystallites should be either disc-or rod-like, and (ii) the¯atplate particle shape commonly observed in calcite appears to satisfy the disc-shaped crystallite form, which is one of the two crystallite types modelled by the March function (Dollase, 1986 ). In the present study, approximately 2 g of powder was compacted in a cylindrical steel die, 13 mm in diameter, and the pressures applied were 4Â and 5.5Â higher than the highest pressures used by Sitepu (1998) for molybdite, and 2Â and 3Â higher for calcite. As the relatively weak neutron beam intensities require the use of larger specimens, multiple discs were pressed and then seven discs were stacked together into a cylinder of height approximately 30 mm (see Fig. 1a ) to obtain higher count rates. All of the samples were spun during the data collection to improve particle statistics.
Neutron diffraction data were collected using the BT-1 32-detector high-resolution powder diffractometer at the NIST Center for Neutron Research. A Cu(311) monochromator with a 90 take-off angle, a wavelength of 1.5402 (1) A Ê , and 15 H incident collimation were employed. Data were collected with a counting time of approximately 12 h at each sample. The 2 scan range was 10 , with a step size of 0.05 , so that each data point was collected in two adjacent detectors with a total scan range of 3±168 2. The data from the 32 detectors were then processed to yield a single histogram using interpolations between adjacent observations to correct for zero-point offsets and detector sensitivities. The BT-1 instrument is described at the NIST Center for Neutron Research Center Web site, http://webster.ncnr. nist.gov/xtal/.
The re®nement strategy was similar to that described by Sitepu (1998) , with the difference that, in the present work, anisotropic strain parameters (Popa, 1998; Stephens, 1999) and two texture formulations were employed independently, one with the March model and the other with the generalized spherical harmonic description after the preliminary re®nement with the random orientation of crystallites had converged. Each will be described in turn. Firstly, the parameters re®ned with random orientation were: a phase scale factor and the background component of the patterns with a sixparameter Chebychev polynomial; lattice parameters; zero point 2 0 (off-set in the 2 scale of the goniometer); the Lorentzian and Gaussian terms of a pseudo-Voigt pro®le function and anisotropic strain parameters; and structural parameters and thermal parameters. Secondly, Rietveld re®nement with the March model was conducted with one preferred orientation direction only, because with two preferred orientation directions and two volume fractions (Dollase, 1986) , no additional improvements in the ®gures-of-merit and goodness-of-®t index were found. The assumed directions of preferred orientation for molybdite and calcite were h010i and h001i, respectively, as de®ned by Kihlborg (1963) and Sitepu (1998) . Finally, the default sample texture symmetry was chosen to be cylindrical in the Rietveld re®nement with the generalized spherical harmonic description, and the maximum of six harmonic orders was selected short communications Figure 1 Orientation for the compressed molybdite and calcite powders for the neutron diffraction measurements. In (a) the compression axis is normal to the plane de®ned by the incident and diffracted beams, whereas (b) depicts the compression axis in the plane of the incident and diffracted beams (Sitepu, 1998) . after preliminary calculations with eight and ten orders gave the same results.
The monophase molybdite and calcite crystal structures determined by Rietveld re®nement with the March model and the generalized spherical harmonic formulation, using all data sets, agreed quite satisfactorily with the corresponding single-crystal structures obtained by Kihlborg (1963) and Maslen et al. (1995) , respectively. Moreover, the unpressed molybdite sample gave results consistent with the materials being randomly oriented, in contrast to the strong preferred orientation indicated by X-ray powder diffraction data for side-drifting (O'Connor et al., 1992; Sitepu, 1998) . Sidedrifting mounting was employed in the previous study to produce X-ray powder diffraction mounts with minimal preferred orientation for the specimen investigated. The side-drifting was performed by ®xing a glass slide to the front surface of the X-ray sample holder and then loading the material through the gap between the slide and holder by tapping with a spatula. The glass slide was then carefully removed leaving the sample securely packed in the holder when the holder had suf®cient material in place. Fig. 2 shows typical orientation probability distributions of the molybdite and calcite samples determined by Rietveld re®nement with the March model. In the case of an ideal random-orientation powder, the distribution is unity. The March preferred-orientation correction factor agreed well with the pole-axis distribution of the (040) molybdite and (006) calcite data, plotted with the orientation angle 9 in Fig. 3 [9 is the angle between the pressing axis and the normal of the (040) molybdite and (006) calcite planes, respectively]. Table 1 shows that the ®gures-of-merit and the goodness-of-®t index improved substantially when either the March model or the generalized spherical harmonic description was employed in the Rietveld re®nement. The generally low ®gures-of-merit and the goodness-of-®t indices obtained in the present study may be attributed to the neutron diffraction texture information being gained from the bulk of the sample, which results in a¯atter texture pro®le that is more likely to be well ®tted by both formulations. It is clearly seen from Table 1 that the crystallographic R factors and the goodness-of-®t indices are systematically smaller for the generalized spherical harmonic description than for the March model, even if the differ- 
Figure 2
The variation of the March preferred orientation correction factor with orientation angle derived from Rietveld re®nement with the March model. The assumed preferred orientation directions for molybdite and calcite were h010i and h001i, respectively.
Figure 3
Pole axial distribution plots for (040) molybdite and (006) calcite data derived from Rietveld re®nement with the generalized spherical harmonic.
Figure 4
The agreement between measured and calculated patterns for molybdite powders pressed at a pressure of 528 MPa following Rietveld re®nement with (a) random orientation of the crystallites, (b) the March model and (c) the generalized spherical harmonic description for preferred orientation.
ences are sometimes small. Furthermore, Fig. 4 shows that the generalized spherical harmonic description clearly provided a better Rietveld ®t than the March model for the molybdite sample that had been subjected to the highest pressure. Therefore, it can be concluded that the March model is good in many cases, but sometimes it fails; by contrast, the generalized spherical harmonic is always good (see Fig. 4 for more details). This is because the March model consists of one adjustable parameter only, whereas the generalized spherical harmonic description involves a greater number of adjustable parameters for preferred orientation. Also, the latter formulation is more realistic than the former model. For preferred orientation in a single powder diffraction data set of molybdite or calcite, the correct crystal structure can be obtained when applying corrections to the intensities using either the generalized spherical harmonic description or the March model. For unknown structures, it is possible to obtain the correct structure parameters in textured samples from a single powder diffraction pattern, but one must also determine the texture along with the structure. If the texture of the sample is important, it is possible to re®ne correct structural parameters of a single powder diffraction data set only if the texture can be approximated by a model with cylindrical symmetry with respect to the single diffraction pattern. Further work should be undertaken with great care and accuracy to determine whether this is always the case (Von Dreele, 2001) . 
